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£^t£r^ ofantiox idants in foods and bioloeical systems i s d ependent on a m ultitude of 
K ^^^cojidsl properties of the substratl ,. ggg ... ^3S^ SET 
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system the type of lipid I substrate including its physicochemical state and degree of unsaturation, the 

TZnZT™' ™T y m£talS ' 0tHer components and their possSle interaction. For £ 

reason there cannot be a shor t-cut approach to determining antioxidant activity . Each e^SmaEolT 

rarious conditions of oxidation, using several methods to measure 
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should be cameo out under various 



different products of oxidation. Because most natural antioxidants and phytocEemicals are multi- 
functional, a reliable antioxidant protocol requires the measurement of more than one property 
relevant to either foods or biological systems. Several recent studies on natural phytochemicaj 
compounds produced conflicting results because non-specific one-dimensional methods were used to 
evaluate antioxidant activity. There is a great need to standardise antioxidant testing to minimise the 
present chaos m the methodologies used to evaluate antioxidants. Several methods that are more 

SSLST^J* ?*au- ° bt3in , information that can be related directly to oxidative 
deterioration of food and biological systems. 
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INTRODUCTION 

With the current upsurge in interest in the efficacy and 
function of natural antioxidants in foods and biological 
systems, the testing of antioxidant activity has received 
much attention. Altho ugh there is a great m ultiplicity 
°f me thods used for Antioxidant testin g, there areTib 
appr oved, standardised methods. Se veral rapid res" 



methods to screen for antioxidanfactivitv have been 
publisnea an d many different irTvitro antioxidant 
p rotocols are currently usecTto evaluate antioxidants 
oi interest in food and nutrition, health and dis ease. A ~ J 
Obviously, me signmcance and r elevance of antioxidan t 
eval uations for food and biological system s depend 
strong^onjheJ ttSt method. Inconsistent r^nlrc W J 



been obtained for a number o7 recognised antio xidants 
.depending on the methods used to test activity. 



Model test systems used under conditions of 
accelerated oxidation require careful interpretation of 
antioxidant action. Many different substrates, system 
compositions and analytical methods are employed in 
screening tests to evaluate the effectiveness of anti- 
oxidants. For this reason the data obtained by different 
researchers are extremely difficult to compare and 
interpret. Several test procedures can be criticised for 
employing questionable methodologies to analyse 
oxidation products, for not targeting relevant sub- 
strates and for not reflecting gross characteristics of 
food or biological systems. 4 ""* Particular problems 
arise from the use of rapid one-dimensional methods 
to evaluate natural antioxidants, which are generally 
multifunctional. 

For the judicious choice of antioxidant protocols the 
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following important questions should be addressed in 
food systems. 

1 What are the true protective properties of anti- 
oxidants? What is the antioxidant protecting 
against? 6 

2 What substrates are oxidised and what products are 
inhibited? 

3 What is the location of the antioxidant in the 
system? 

4 What is the effect of other interacting components? 

5 What conditions are relevant to real-life applica- 
Dons? 

Further questions to be addressed in biological 
systems include the following. 

1 What is the true impact of biological oxidation? 

2 What are real effects of antioxidants? 

3 What is the mechanism of protection? What are the 
relative oxidation products of lipids, proteins, DNA 
and interacnon products? 

4 What is the accessibility of substrates to anti- 
oxidants and prooxidants? 

^u ap f™^ eS ,ued 10 test ^oxidants in 
foods and biological systems consist of oxidising a lipid 
or lipoprotein substrate under standard conditions and 
assessing the activity by various methods to determine 



how much oxidation is inhibited (Table M 7 " 2S nn,», 
protocols classified as free radical-trapping meZL 
measure the ability of antioxidants to LerSnt frS 
radicals ^^^^^Sg^ 
compound or free radical molecule is often selecSo 
that its consumption can be measured directly fa 
some cases the activity is evaluated from a coupled 
reaction. The validity of some of the currently^ d 
antioxidant test methods CTables 1 and 2) Jay S 
quesuoned because the assay models do not take into 
account the complexity of antioxidant actions. S 
data obtained with such diversity of methods may 
confiise the interpretation of antioxidant activity 
Mgl eadmg data can be obtained in many of these test 
ggpas oy neglecting important composjnn n, ! ^ 
jggrgciai pneno mena concerning chaT^ T^mET 
My of multiple components in real food » 7hi^S7=r 
fyagmsjh ^ngiy affect antioxiaWp^W~- 
Natural annoxtoants are often mmtifunctionaTana 
the activity and mechanism dominating in a particular 
test system depend on the oxidation conditions, which 
affect both the kinetics of oxidation and the composi- 
tion of the system.* 8 -" The_effectiyeness of anti- 
oxidants in c o mplex heterogenous fo ods and hinin,; ~ i 

SVStems nnH in I j , . =: . , F iy * . \ 



systems andinrnulupjiase models is afifected bl 



ictors. Notable factors inning 



many 



Measurement and 
quantification 



Oxidising species 

Tween-emulsified 

linoleic acid with 0- 

carotene 
Tween-emulsified 

linoleic acid 
SDS-emuisified 

linoleic acid 
Methyl iinoleate 



Methyl Iinoleate 

PC liposomes with 
phenylpropionic 
acid c 

Various lipids 

Human low-density 
lipoprotein (LDL) 



LDL or membrane 
phospholipids with 
PnA incorporated 6 



Solvent 
Buffer pH 7.0 



Conditions, inducers 



Buffer pH 7.0- 
7.4 

Buffer pH 7.4 

Hexane/2- 
propanol/ 
ethanol 

Dodecane 

Buffer pH 7.0 
with NaCI 

No solvent 

PBS d 



PBS d 



25 °C in cuvette, 
different inducers 

37 °C, dark, 16h, 

FeS0 4 
37 or 40 °C, minutes, 

AAPH 
37 °C. AMVN 



110°C, Q 2 bubbling 

23 °C in cuvette, 
~20min, FeCI 2 . 

98 °C air or50°C. 

up to 50h 
2b-several hours, 

Cu 2+ , metmyoglobin 



37°C, 35min-2h, 
AAPH or AMVN or 
HA 



Rate of ^-carotene 
destruction (nmolmin" 1 ) 

TBARS assay, conjugated 
dienes (234nm) orHPLC 

Conjugated dienes 
(234nm), 

Methyl Iinoleate 
hydroperoxides by HPLC 

Residual methyl Iinoleate 
by GC 

Decrease in relative 
fluorescence intensity 

Peroxide value or reactivity 
with sesamol dimer 

Conjugated dienes 
(234 nm), hexanal, 
induction time. 50% 
oxidation, % inhibition 

Rate of PnA fluorescence 
decrease 



Antioxidants 
tested 

Several 



Phenolics, 

anthocyanins 
Several 

Buckwheat 
compounds 

Phenolics, 

spices 
Tart cherry 

compounds 

Phenolics 
Several 



Phenolics 



References 



7-9 
10 

11-13 
14 

15 t 16 
17 

18 

19-22 



23-25 



«a» constant for reaction of thA r,n^i«:« <_■ 

• S5 PH 74) "CK? « W^U^U ^propionic acid p TOb e. 

3 flu ° rescent 1 ^bcn conjugated tetraene tony acid. 
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Linoleic acid 
(TRAP assay) 



PBS pH 7.4, plasma 37 °C in oxygen 

electrode cell, 



Superoxide 0^ Buffer pH 7.4 



ABTS + 
(TEAC assay) 

(ORAC assay) 

cci 3 o 2 - 8 

Fe^-TPTZ 
(FRAP assay) 



PBS 



Buffer pH 7.0 



1%CCI 4 -50% 2- 

propanol. 

phosphate buffer 
Aqueous 



ABAP 
Phenazine 

rnethosulphate- 

NADH, NBT 
H 2 0 2 and 

metmyoglobin 

37 °C in cuvette, 
AAPH 



Measurement and 
quantification 

DPPH- decrease at 515nrn, 
l/ECgo 13 or 1/ECsq x T^ 0 
Oxygen uptake, Induction 
period of plasma, Trolox 
reference 
NBT reduction, % inhibition 
so 



References 



or IC< d 



4-8 min 



ABTS + decay at 734nm. 
Trolox reference 

p-PE fluorescence decay, 
molar radical absorbance 
vs Trolox 

Rate constants of reaction, 
CCI 3 0 2 - 

AA 593 nm, amount of Fe 3 * 
reduced 



Several phenols, 

wines 
Vitamin E, urate, 
ascorbate, -SH 

Phenolic extracts 



Numerous, plant 
extracts, juices 
and wines 

Numerous, various 
extracts 

Galiates. spice 
phenolics- 



26-30 
31 

32-34 
35-38 
39-43 
44, 45 



Various, fruit juices 46, 47 



tripyridyltriazine. P pnycoerymnn, AAPH, 2.2'-a2obis(2-afrtdinopropane) dihydrochioride; TBTZ, 

b ECgQ is efficient concentration of antioxidant to decrease Initial [DPPH] by 50%. 
c r EC50 is time needed to reach steady state at ECsq. 

^ " ^ 10 **» non.n»* IC W * me phenol concentration required to inhibit NBT 

• CCip 2 - is a reactive trichloromethyl peroxyl radteal generated by radiolysis and oxidation of an aqueous mixture of CCI 4 and propan-2-ol. 



aqueous phases,* 5 " 58 the oxidation conditions and th e 
physical state of the oxidisable substrat e. 0 " 10 ' 33 ' 30 ' 39 
Clearly, the influence of all relevant parameters ca nnot. 
be evaluated by using only a one-dimensional assay 
protocol. Of particular importance are the conditions 
used to accelerate oxidation by raising the tempera- 
t ure, by using transition metal catalysts or other typ es 
ot rauators, by increasing surface and by exp osing to 
l ight oi varying intensity.* Finally, the results of 
evaluation tests are influenced by the specificity and 
methods employed to analyse the progress of oxida- 
tion, including the degree of oxidation chosen as end- 
point for testing. 5 ' 6 To understand and better predict 
how natural antioxidants such as phytochemical 
compounds may exert beneficial effects both in 
protecting foods and in preventing disease, these 
complicated issues need to be carefully considered in 
designing test protocols for evaluating antioxidant 
activity. In this review we summarise the principles of 
assay and antioxidant evaluation and critically assess 
potential drawbacks in some of the widely used one- 
dimensional protocols. 



DEFINITIONS AND MECHANISMS OF 
ANTIOXIDANTS 

In foods, antioxidants have been denned as 'sub- 
stances that in small quantities are able to prevent or 
greatly retard the oxidation of easily oxidisable 
materials such as fats'. 60 In biological systems the 



defi nition for antioxidants has been extended to 'any 
s ubstance mat, wnen present at low concentrations 
c ompared to those or an oxidisable substrate, sip 

nmCan ?? r ,l CiayS ° r P revents oxidation of that sub- 
s trate'." 1 This latter definition covers all oxidisable 
s ubstrates, ie lipids, proteins, DNA and carbohy- 
drate s. Neither ot tnese dennitions relates to thV 
anuoxidant mechanism, however. In turn, in biology, 
all compounds that can retard or prevent the effects of 
oxidation have been broadly considered as anti- 
oxidants, including eg compounds that either inhibit 
specific oxidising enzymes or react with oxidants 
before they damage critical biological molecules. 62 
Biological antioxidants have currently assumed a 
broad definition to include repair systems such as iron 
transport proteins (eg transferrin, albumin, ferritin, 
caeruloplasmin), antioxidant enzymes, factors affect- 
ing vascular homeostasis, signal transduction and gene 
expression. This definition has become so broad and 
encompassing that it has lost its traditional meaning. 
Some of the biological 'antioxidant* activities attrib- 
uted to various plant extracts and flavonoids (eg anti- 
allergic, -haemorrhagic, -mutagenic, -neoplastic, 
-platelet activities, immunomoduiation, oral hygiene, 
interactions with specific receptors) 63 may in fact have 
little to do with antioxidant activity. Similar f non- 
antioxidant' activities maybe indicated for the effect of 
a-tocopherol on protein kinase C leading to changes in 
gene transcription and intracellular signalling, and 
control of smooth muscle cell proliferation. 64 
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Mechanistic definitions of antioxidants comprise 

the . 6 ? diCal acce P tor tenn > as originally conceived by 
Uri who defined antioxidants as 'compounds able to 
accept radicals*. Thus the implicit antioxidant mech- 
anism to inhibit lipid oxidation is generally considered 
to be radical chain-breaking. The available evidence 
suggests that antioxidants (AH) break radical chains 
by donating hydrogen atoms to the chain carrier 
peroxyl radicals, LOO*, under atmospheric conditions 
(reaction (1)) and to lipid radicals, L', under condi- 
tions of limited oxygen availability (reaction (2)): 



AH + LOO' -> LOOH + A' 
AH + L' -LH + A- 



(1) 

(2). 



Under atmospheric conditions, because of the extre- 
mely rapid reaction of L' with air oxygen, approaching 
diffusion rates, the ternunation reaction (1) is con- 
sidered most prevalent in food and biological sys- 



tems. 



Scott denned antioxidants reacting with 
peroxyl radicals by reaction (1) as chain-breaking 
electron donors, and antioxidants reacting with free 
lipid radicals by reaction (3) as chain-breaking 
electron acceptors: 



L' + A-^LA^L*+AH 



(3) 



where L* indicates a lipid molecule containing a new 
double bond. 

Hydroperoxides decompose homolytically by pro- 
ducing alkoxyl radicals (LO'), which undergo p 
cleavage (4) to form aldehydes and other breakdown 
products that contribute to oxidative and flavour 
deterioration of food lipids and cause damage in 
biological systems: 

Ra- i -CH(O-)- X -R, - 

aldehydes 4- breakdown products (4) 

Antioxidants can inhibit the decomposition reaction 
(4) by reacting with the alkoxyl radicals, either by 
hydrogen donation to form stable hydroxy compounds 
(reaction (5)) or by the termination reaction (6) with 
antioxidant radicals; 



AH + LO* — > LOH + A' 
A" + LCT -> LOA 



(5) 
(6) 



Although the activity of antioxidants is generally 
measured by their effectiveness to inhibit hydroper- 
oxide formation by reaction (1), their activity to inhibit 
aldehyde formation by reaction (5) is an important 
property that should also be measured in any judicious 
protocol. 

Hindered phenols are the most common antioxidant 
compounds to readily scavenge lipid peroxyl radicals 
by donating hydrogen atoms. 62 ' 67 The well-recognised 
structure-activity relationships of radical-scavenging 
phenolic antioxidants (tocopherols, gallic acid and 
gallic acid esters, polyphenol^ fiavanols, fiavonoids 
and phenolic acids) involve the ability to donate a 



phenolic hydrogen as well as the stabilisation of the 
resulting antioxidant radical by electron delocalisation 
and/or intramolecular hydrogen bonding or by further 
oxidation. 6 ' 68 - 69 For phenolic antioxidants the loss of a 
hydrogen may take place by donation of an electron 
followed by deprotonation.. Recently, an evaluation of 
bond energies for hydrogens in catechins (C — H vs 
O— H bond dissociation enthalpies) has led to the 
hypothesis that donation of non-phenolic ^hydrogen 
atoms could explain the antioxidant mechanism of 
catechins. 70 

'Preventive antioxidants' are defined either as 
'preventing introduction of initiating radicals' 62 or as 
reducing the rate at which new chains are started. 71 
Metal chelators are preventive antioxidants by com- 
plexing with transition metal ions, thereby hindering 
metal-catalysed initiation reactions and decomposi- 
tion of lipid hydroperoxides. 6 Other antioxidant 
mechanisms include singlet oxygen quenching, oxygen 
scavenging, and blocking the prooxidant effects by 
binding certain proteins containing catalytic metal 
sites. This last mechanism was suggested to play a role 
in the inhibitory action of fiavonoids and grape 
phenolics on the in vitro copper-induced oxidation of 
human low-density lipoprotein (LDL). 54,72 

Antioxidant action becomes more complex in real 
foods and biological systems w here a variety of 
mechanisms become ettecuye, including free radical 
chain breaking, oxygen scavenging, singlet oxygen 
quenching, metal chelation, and inhibition of oxidative 
enzymes. 6 ' 73 ' 74 On the one hand, mechanistic defini- 
tions limited only to radical chain breaking may 
exclude important antioxidants in foods and biology. 
On the other hand, too broad a definition of anti- 
oxidants may include too many types of action that can 
limit proper understanding and interpretation of 
antioxidant mechanisms. Valid evaluati on of anti- 
oxi dant activity therefore requires the use of several 
different assay methods to . include different medT- 
ajusrns of inhibition of lipid oxidation. Meaningful 
I nterpretation of antioxidant action requi res: l& 
s pecnying tne oxidising substra te p rotected b"y~thiT 
putanv£am^x idant ; (bj measuring 1 the correct extent 
ofoxidation anTinhibition by the antioxidant and 
choosing an appropriate end-point of oxidation; (c) 
assuring that the substrate and the mode of inducing 
oxidation are relevant as sources of oxidative damage; 
and (d) determining any possible adverse prooxidant 
effects from the antioxidants. 



COMPOSITION OF THE TEST SYSTEM 
Interfaclal phenomena and antioxidant partitioning 

The a ctivity of different types of antioxidants can vary 
sigm^canjjyja ^ding on whether die lipids anv 
t riacylglycerols, methyl esters, Iree" fatty acids 7^ 
i ncorporated into various biological particles su ch as 
l ipoproteins or liver microsomes. Whether the an ti-'' 
o^ManKju nction in aqueous, bulk lipid or in hetero- 
phasjc_systems is critically important. The oxidative 



stability of most colloidal, lipid-bearing foods is greatly 
affected by a multitude of surface-active substances 
and their interfacial interactions with both oxidants 
and antioxidants. Antioxidant activity is thus strongly 
affected by the physical composition of the test system, 
and the relative activity of antioxidants of different 
polarity varies significantly in different multiphase 
systems. The phenomenoln ^cal observation th at 
polar antioxTdants are more^cpve in bulk oil system^ 
whereas non-polar antioxidants are more active in imu 
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suspended in aqueous systems was referred to as trig 
'polar paradox- by Porter.* *' ib Thk pfl ^wi^ 
behaviour of antioxidants was confirmed with the 
observations that the hydrophilic antioxidants Trolox 
(the carboxylic acid derivative of a-tocopherol) and 
ascorbic acid and the rosemary compounds carnosic 
acid and rosmarinic acid were better antioxidants in 
bulk oils than the corresponding lipophilic anti- 
oxidants a-tocopherol, ascorbyl palmitate and carno- 
sol (Table 3 ) »-*WW«o fc contrasti Ae Qrder of 

activity was reversed in emulsified corn oil systems. 
This interfacial phenomenon was explained by differ- 
ences in the affinity of hydrophilic and lipophilic 
an tioxidants towards the air, oil and water phase sTs 



hydrophilic antioxidants may be more effective by 
being oriented in the oil-air interface where they can 
efficiently protert against lipid oxidation (Fig 1). In 
contrast, in oil-in-water emulsion systems, hydropho- 
bic antioxidants are located in the oil and the oil-water 
interface where they are more protective than hydro- 
philic antioxidants, which are partitioned into the 
aqueous phase and are not able to adequately protect 
lipids in the water-oil interface. When dissolved in the 
water phase, the efficiency of hydrophilic antioxidants 
may be offset by their prooxidant activity resulting 
from reduction of metals into, the more active lower 
valence state. 

Measurement of partitioning properties of a number 
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on-air Interface 
due to insolubility 
More protective 



Lipophilic 
very dilute In 
oil phase 



Lipophilic V 
oil-water interface S 
due to surface activity 
More protective 



Hydrophilic 
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Figure 1. Interfacial distribution of hydrophilic and lipophilic antioxidants in 
bulk compared to oiWn-water emulsions (from Ref 56). 



of antioxidants in model emulsions 58 ' 81 and in 
mayonnaise 82 confirmed that antioxidants of different 
polarity partition into different phases in heterophasic 
systems. The partitioning of antioxidants between the 
oil and water phases occurs to different extent 

aCC 8i r if g t0 chemical structures and polar- 

ity. Thus, in a food emulsion like mayonnaise, 82 
various relatively polar antioxidants were distributed 
between the lipid and aqueous phases according to 
their oil-water partition coefficients P^ determined in 
unbuffered oil-water mixtures (20:80 w/w). 58 The 
antioxidants tested could be categorised according to 
. ^o/w into three groups of increasing polarity. 

Group 1. Trolox: 

Group 2. Propyl galiate, ferulic acid: P^ wO.7-0.9. 
Group 3. Gallic acid, caffeic acid, catechin: P^ssO.l. 

There is only limited knowledge on how partitioning 
and antioxidant effectiveness of natural phenolic 
compounds in heterophasic systems are governed by 
their chemical structures. Antioxidants may also be 
distributed into surfactant/emulsiner-rich interfacial 
layers in heterophasic food emulsions. 82 ' 83 The 
partitioning properties of a particular antioxidant not 
only depend onjhe chemical structure and relative 



Table 3. Effect of lipid systems on relative activities of antioxidants 1 



Lipid system 

Bulk com oil 
Oil/water emulsion 
Bulk com oil 
Oil/water emulsion 
Bulk Me linoleate, corn oil 
Bulk linoleic acid 

Me linoleate emulsion, com oil emulsion 
Linoleic acid emulsion 
Lecithin liposome 
DLPC liposome 
PC liposome 
Me linoleate Solution 6 
SDS micelles of linoleic acid 
HDTBr* micelles of linoleic acid 

' Abbreviations: BHT, tert-butylhydroxytoluene; BHA. 
phosphatidylcholine (egg); EG, epicatechin galiate; EC, 
b Hexane-lsopropanol (1:1 v/v). 



Antioxidant trends 



References 



Trolox>a-tocopherol, ascorbic acid > ascorbyl palmitate 
a-Tocopherol> Trolox « ascorbyl palmitate > ascorbic acid 
Carnosic acid fss rosmarinic acid > carnosol 
Carnosol> carnosic acid > rosmarinic acid 
Trolox > a-tocopherol; carnosic acid > carnosol > a-tocopherol 
Trolox > a-tocopherol > carnosol > carnosic acid 
a-Tocopherol> Trolox; a-tocopherol > carnosic acid > carnosol 
Trolox > a-tocopherol»carnosol > carnosic acid 
BHT > BHA > propyl galiate >TB HQ > gallic acid 
Trolox = a-tocopherol 
EG > EC > quercetin > a-tocopherol 
a-Tocophero! » quercetin > EC = EG 
a-Tocopherol = ascorbyl palmitate >Trolox> ascorbic acid 
Ascorbic acid > Trolox > ascorbyl palmitate > a-tocopherol 

te^butythydroxyanisoie; TBHQ. re/rtutylhydroqufnone; DLPC. dilinoJeyl phosphatidylcholine PC 
epicatechin; SDS, sodium dodecyl sulphate; HDTBr*. hexadecyltrimethyl ammonium bromide. ' 
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polarit y nf fhr anrimr i dant, but also vary according tcu 
the lipid substrates^ surfactant^ pH. temperature and 
&e composition orthe phases. * " ' 

"~^The following example illustrates the importance of 
partitioning behaviour for testing and predicting 
effectiveness of antioxidants in complex food systems. 
A patented formulation consisting of a mixture of 
ascorbic acid, soy lecithin and tocopherols (the A/L/T 
system) 84 performed as an effective synergistic anti- 
oxidant in bulk oil on the basis of Rancimat tests. The 
A/L/T mixture was superior to a large array of natural 
and synthetic antioxidants in retarding oxidation of 
bulk, refined fish oil based on both chemical and 
sensory analyses (Jacobsen and Meyer, unpublished 
data). In another study with bulk fish oil stored at 
room temperature, the A/L/T mixture was also very 
effective in preventing oxidation based on peroxide 
value, but not based on sensory measurements. 85 The 
antioxidant synergism of the A/L/T mixture in oils was 
explained based on interactions between all three 
components. The lecithin not only functions as an 
emulsifier to improve the contact between ascorbic 
acid and tocopherol, but also participates in redox 
cycling with the tocopheroxyl radical and ascorbic acid 
by radical exchange reactions of a primary amine 
group in phosphatidylserine or phospharidylethanola- 
mine. 86 However, the A/L/T ternary antioxidant 
mixture was ineffective in inhibiting the sensory 
deterioration of fish oil-enriched mayonnaises. 87 In a 
study of the fate of the A/L/T system in real 
mayonnaise, ascorbic acid was found to be located in 
the aqueous phase. 87 This result indicates that 
separation of the components of the A/L/T mixture 
could partly explain the loss of its antioxidant potency 
in mayonnaise. Recently, ascorbic acid was found to 
be inactive as an antioxidant in mayonnaises contain- 
ing fish oil. 88 By interacting in the aqueous phase with 
iron released from the egg-yolk emulsifier, ascorbic 
acid promoted oxidative flavour deterioration. These 
studies illustrate how different results can be obtained 
depending on the composition of the system, the 
oxidation conditions and the methodology employed 
to evaluate antioxidant activity. 

In summary, antioxidant effectiveness in multiphase 
food and biological systems is affected by important 
f actors determined by interfacial phenomena govern- 
i ng the locausaaon and orientation of antioxid ants by 
p tomoning between the aqueous phase an d the 
lip ophilic phase and by interacting with the emu lsihef ' 
at the int erlace. This concept was supported bv smriips * 
carried out with different model emulsions 56,58 ' 76 " 78 
and with real food emulsions like mayonnaise. 82 ' 87 ' 88 
Studies of partitioning properties of antioxidants also 
explained the efficiency of ferulic acid as an inhibitor of 
human LDL oxidation in vitro. 69 The phase distribu- 
tion behaviour of antioxidants in multiphase systems is 
thus important to design test protocols for anti- 
oxidants and to interpret experimental results ob- 
tained with heterophasic systems. More knowle dge is 
required on the partitioning behaviour an^jgfficlency 



of antioxidants in different phases to improve our 
understanding of antioxidant properties in differe nt 
colloidal food and biological systems. 

The oxidising substrate to be protected 

The relative activity of various antioxidants dep en He 
on the type of substrate (eg phospholipids vs tnacjrf- 
glycerols and free fatty acids), the degree of lipid 
unsaturation and the physicochemical state of the 
oxidisable substrate . Some of the observed dSerences 
are attributable to the degree of heterogeneity of the 
system as discussed above, and complicated by the 
colloidal properties of the lipid substrate. Such 
influence occurs for example when linoleic acid is 
used as an oxidising substrate suspended in aqueous 
emulsion systems. 

The disadvantages of using emulsified linoleic acid 
and methyl linoleate as substrates to evaluate anti- 
oxidants have been reported previously. 6 ' 78 Emulsified 
linoleic acid 8 " 10 ' 90 ^ 7 and emulsified methyl linole- 

at 6,78,95,98-100 n ^ , J 

aie are widely used as lipid systems to test 

antioxidants. However, these lipids are not appro- 
priate model substrates for foods, which consist mainly 
of triacylglycerols. In contrast to triacylglycerols, 
linoleic acid forms micelles in aqueous systems, w hich 
have different colloidal properties strongly affecting 
the behaviour ot both oxidation initiators and anti- 
oxidants," The greater polarity of methyl linnl*^ 
compared to triacylglycerols would also be expected to 
affect the relative activity of hydrophilic compared to 
lipophilic antioxidants. 

The effectiveness of a-tocopherol and its water- 
soluble analogue Trolox was greatly affected by the 
lipid systems used for antioxidant testing. 78 Thus the 
effectiveness of Trolox was significantly greater in oil- 
in-water emulsions of linoleic acid compared to the 
corresponding triacylglycerol emulsion (Table 3). In 
triacylglycerol emulsified with Tween 20 the anti- 
oxidant activity of Trolox decreased because it 
partitioned into the water phase, whereas in the 
corresponding linoleic acid emulsion its antioxidant 
activity increased owing to formation of mixed 
micelles of linoleic acid and Tween 20. Because 
micelle-forming lipid substrates in aqueous systems 
gready enhance the activity of hydrophilic and polar 
antioxidants, linoleic acid is not considered to be a 
valid substrate to test antioxidants in foods consisting 
of triacylglycerols. 

Another artefact of using linoleic acid test systems 
was observed in studies evaluating superoxide dis- 
mutases (SOD) as antioxidant enzymes for lipid foods. 
Because SOD catalyse the disproportionation of 
superoxide to oxygen and hydrogen peroxide, these 
enzymes were tested for the protection of foods by 
determining if the removal of superoxide can retard 
the overall rate of oxidation. Although several studies 
proved that SOD exhibited antioxidant effects in 
dilute emulsions of linoleic acid, 101 ' 102 these enzymes 
did not inhibit oxidation of either emulsified herring 
oil or emulsions of tocopherol-stripped vegetable 
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oils. 103 The data suggest that, in dilute linoleic acid 
aqueous systems, SOD is an effective antioxidant 
because it inhibits the action of superoxide, which 
initiates lipid peroxidation by the Fenton reaction. 104 
The Fenton reaction is apparently not significant in 
triglyceride systems and in rapidly oxidising, dilute fish 
oil emulsions. In emulsions offish oil or vegetable oils 
without endogenous tocopherols the amounts of new 
initiations are apparently surpassed by the propagation 
reactions that are initiated by metal-catalysed break- 
down of lipid hydroperoxides rather than by super- 
oxide. 103 

Many examples in the literature show that phenolic 
compounds can have either antioxidant activity or 
prooxidant activity depending on the oxidising ta rget 
and conditions used in the test syste m. A number of 
examples illustrate the variation in ac tivity of anti- 
oxidants tested in different lipid systems (Table 3). 
Hydrophilic polyphenolic compounds showed signifi- 
camly different trends in antioxidant activity when 
tested in three different systems . Pure catechin and 
green tea catechin gallates were effective in inhibiting 
oxidation of LDL and lecithin liposomes but showed 
prooxidant activity in oil-in-water emulsions. 72,105,106 
The marked variation in antioxidant activity of 
rosemary constituents (Table 3) and green teas is 
attributed to differences in their relative partition 
between phases in various lipid systems. The improved 
antioxidant activity observed for green teas in lecithin 
liposomes compared to corn oil emulsions was 
explained by the greater affinity of the polar catechin 
gallates for the polar surface environment of the 
lecithin bilayers, thus affording better protection 
against oxidation. 105 Phenolic extracts from fresh 
grapes inhibited both in vitro oxidation of human 
low-density lipoprotein (LDL) and of soybean lecithin 
liposomes. However, the ranking of activities of 
extracts of different grape types showed opposite 
trends in the LDL compared to the liposome 
systems. 107 ' 108 

Propyl gallate stimulated hydroxyl radical-depen- 
dent deoxyribose degradation, measured as thiobarbi- 
turic acid-reactive substances (TBARS), but strongly 
inhibited die oxidation of rat liver microsomes 
mediated by iron/ascorbate. 109 When catechins were 
compared with oligomeric procyanidins, their anti- 
oxidant activity in a phosphatidylcholine liposome 
system decreased with polymerisation, in contrast with 
their reactivity with the ABTS cation radical in an 
aqueous system (see discussion of the TEAC assay 
below), increasing from monomer to trimer and 
decreasing from trimer to tetramer. 110 However, in 
these comparisons the authors also used different 
modes of inducing oxidation (ascorbate/iron vs met- 
myoglobin/H 2 0 2 ) and different methods of measuring 
oxidation (TBARS vs quenching of radical cation at 
734nm). 

The_ antioxidant effectiveness of rosemary extract s, 
cam osol and carnosic acid, was sig nificantly influ- 
enced ny the type of system tested, the oil substrates, 
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the methods used to follow oxida tion, and rh* 
concentrations of test compounfls .^ Although the"~ 
rosemary extracts and compounds effecavely inhibited ^ 
6xidation in corn oil, soybean oil, peanut oil a nd fisiT 
oil, when tested in bulk, these compounds we re either 
inactive or promoted oxidation in the corresponding 
vegetable oil-in-water emulsions . In fish oil emulsions, 
however, the rosemary compounds inhibited conju- 
gated diene and pentenal formation, but not propanal. 
The greater affinity towards the more polar fish oil- 
water interface may explain the higher antioxidant 
activities of rosemary antioxidants observed in fish oil 
emulsions than in vegetable oil emulsions. 

Emulsffier type and interacting components 

The use of charged emulsifiers is another factor 
markedly affecting antioxidant activity. Sodium dode- 
cyl sulphate (SDS) is often employed to test anti- 
oxidants with linoleic acid in aqueous systems (Table 
1). Antioxidants such as ascorbic, benzoic and 
hydroxycinnamic acids, which are present largely as 
anions at test conditions around pH 7.0-7.4, are 
ineffective in aqueous systems emulsified with SDS 
owing to electrostatic repulsion by the negatively 
charged micelles at neutral pH values (Table 1). 
These antioxidants may not contact the oxidising lipid 
inside the SDS micelles because of repulsion exerted 
by the negative charge of the SDS emulsifier. Methyl 
rinnamates were more active as antioxidants than their 
corresponding free cinnamic acids in an SDS-linoleic 
acid micelle system at neutral pH. This difference is 
due to the electronic repulsion of the micelles. 13 This 
charge effect may thus shield true differences in 
antioxidant properties of the compounds tested. 

Various fruit, vegetable and herb extracts were 
better antioxidants in inhibiting oxidation induced by 
iron/ascorbate of phosphatidylcholine compared to 
human liver microsomes. 53 This difference in anti- 
oxidant activity may indicate a possible diminishing 
effect on antioxidant activity in the presence of 
proteins or enzymes in human fiver microsomes. In 
another study the addition of bovine serum albumin 
(BSA) to oxidising phosphatidylcholine liposomes 
decreased the antioxidant potency of phenolic com- 
pounds in de-alcoholised wine. 111 In the presence of 
20% BSA, however, the order of activity of various 
phenolic compounds changed, and the phenolic 
compounds in red wines were more active in inhibiting 
lipid oxidation than those in grape extracts. 111 These 
results illustrate how the addition of other food 
components such as proteins to the test system may 
provide useful information about interacting sub- 
stances. 

In conclusion, the structure-activity ^ plaTin nship of 
natural phenolic antioxidants is not only significantly 
aS ected by the test system used and the biological" 
t argets to be protected, but also by the mo des of 
in aucing oxidation and by the method use d to 
determine oxidation . Antioxidant activity may be 
further modulated by other components present in 
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the test system. For these reasons it is highly desirable 
to (a) compare antioxidant activities in several systems 
relevant to either foods or biological targets, (b) 
calibrate substrates for food and biological antioxidant 
testing according to the relevant lipid type and (c) 
avoid the use of free fatty acids, notably linoleic acid, 
as substrates because of their different colloidal 
behaviour from either triacylglycerols or phospholipids 
in aqueous systems. 

THE MODE OF INDUCING OXIDATION 

In standard tests for oxidative stabUity s several par- 
ameters are manipulated to accelerate oxidation, 
including temperature, metal catalysts, oxygen pres- 
sure, and variable shaking to increase reactant contact. 
Accelerated testing by increased temperature is b eset 
by many pitfalls, which may occur from physical and 
ch emical changes of t£e test system 5 * 0 and from in valid 
extrap ol ations of reaction kinetics between different 
te mperatures . 4 "* Additional methods to accelerate 
oxidation include the use of iron/ascorbate, lipoxy- 
genase and exposure to light to promote photosensi- 
tised oxidation by singlet oxygen. When lipoxygenases 
are employed, the enzyme inhibitory activity may be 
confounded as an antioxidant effect. Photosensitized 
acceleration invariably favours the effects of anti- 
oxidants that have multiple effects as singlet oxygen 
quenchers, and underestimates the effects of chain- 
breaking antioxidants. The two most commonly used 
parameters to accelerate lipid oxidation are discussed 
below in more detail. 

Transition metals 

Metal ion catalysts in the presence of small amounts of 
hydroperoxides are the most important initiators of 
lipid oxidation in foods and biological systems. 
Transition metals such as iron and copper catalyse 
both the initiation and decomposition of hydroper- 
oxides, which are important in polyunsaturated lipids 
containing three or more double bonds. 6 The decom- 
position of polyunsaturated hydroperoxides is parti- 
cularly significant in lowering the yield of 
hydroperoxides. The resulting high levels of volatile 
decomposition products have a high impact on flavour 
deterioration in food lipids and on biological damage. 

The level of copper ions used as catalyst in an in vitro 
LDL oxidation test and in a lecithin liposome had a 
large impact on antioxidant effectiveness of different 
anthocyanins. When the oxidation of LDL was 
catalysed by IOum copper, the order of antioxidant 
effectiveness of the anthocyanins was malvi- 
din > delphinidin > cyanidin > pelargonin. However, 
at 80 um copper the antioxidant activity changed and 
decreased in the order delphinidin > 
cyanidin >malvidin> pelargonin. 54 In the liposome 
system, malvidin was the best antioxidant at both 
levels of copper. In these test systems, anthocyanins 
were assumed to operate by several mechanisms, 
including metal chelation, radical scavenging, and 



protein binding in LDL. In another study of green tea 
antioxidants tested in a liposome system oxidised at 
50 °C, epigallocatechin gallate (EGCG) and propyl 
gallate (PG) were the best antioxidants, followed by 
epicatechin, epigallocatechin (EGC), epicatechin gal- 
late (ECG), catechin and gallic acid (GA). 106 How- 
ever, in liposomes oxidised at 37 °C with cupric 
acetate, catechin and epicatechin were better anti- 
oxidants than ECG, but EGCG, EGC, PG and GA 
promoted oxidation. In oil-in-water emulsions, all tea 
catechins, GA and PG were prooxidants. Tea cate- 
chins were considered better antioxidants in liposomes 
compared to emulsions because of the greater affinity 
and better protection afforded by the polar catechins 
toward the polar surface of the lecithin bilayers. 81,105 
The significance of the type of inducer on the 
activity of natural antioxidants was illustrated in a 
. study showing that a methanolic extract of rosemary 
inhibited oxidation of human liver microsomal lipids 
50 times better when oxidation was induced by 
NADPH compared to ascorbate/iron induction. 53 
More recendy, the efficacies of flavonoids (myricetin, 
quercetin, apigenin and chrysin, kaempferol, morin, 
taxifolin) showed either antioxidant or prooxidant 
activities depending on the concentration of iron and 
other metal catalysts used in a linolenic acid-contain- 
ing hepatocyte test system. 112 Flavones, luteolin, 
apigenin and chrysin behaved as antioxidants at low 
iron concentration but as prooxidants at high iron 
concentration. These studies further illustrate how 
flavonoid and polyphenol antioxidants can operate by 
several different mechanisms and how the dominant 
activity in a test system depends on the protocol, 
notably the nature of the lipid substrate and level of 
metals used in the oxidation test. There is an urgent 
need therefore to better understand the mechanism of 
action of phenolic antioxidants in complex environ- 
ments. 

Azo initiators 

Azo compounds (R— N=N— R) are commonly used 
as initiators in various in vitro assays for antioxidant 
testing (Tables 1 and 2). These compounds are useful 
to study quantitatively the kinetics of lipid oxidation 
and antioxidation because they generate radicals at a 
reproducible and constant rate. In the presence of 
initiators such as a,a-azobisisobutyronitrile (AIBN) 
the initiation can be directly related to the rate of 
production of the azo radical. By using either water- 
soluble or lipid-soluble azo dyes, these compounds can 
initiate radicals in known specific microenviron- 
ments. 113 " 115 For example, a mixture of a-tocopherol 
and ascorbic acid showed an additive protective effect 
in a liposome oxidised in the presence of the water- 
soluble 2,2 -azobis(2-amidinopropane) dihydrochlor- 
ide (AAPH), which generates free radicals in the 
aqueous phase. In contrast, the mixture of a-tocopher- 
ol and ascorbic acid showed a synergistic protective 
effect in the presence of the oil-soluble 2,2'-azobis(2,4- 
dimethylvaleronitrile) (AMVN), which generates free 



radicals within the lipid phase. This synergistic effect 
was interpreted by the initial trapping of radicals by a- 
tocopherol in the lipid phase, with the resulting a- 
tocopherol radicals becoming oriented at the surface 
bilayers and reduced by ascorbic acid in the water layer 
to regenerate a-tocopherol. 113 Better antioxidant 
activity was also observed with a?rr-butyl hydroxyto- 
luene when tested in a liposome oxidised with Cu 2+ in 
the presence of rerr-butyl hydroperoxide than in the 
same liposome oxidised with AAPH or AMVN. 116 In 
another study using a liposome system oxidised with 
AAPH, the green tea catechin ECG had the highest 
activity, followed by epicatechin, quercetin and a- 
tocopherol, while the reverse trend was observed when 
methyl linoleate was oxidised in hexane-isopropanol 
solution in the presence of AMVN (Table 3). 50 These 
results were explained by a greater protection of the 
polar phopholipids by the flavonoids by being asso- 
ciated with the surface, while a-tocopherol was less 
protective by remaining in the core of the membrane. 

The hydrophilic AAPH initiator is widely used in 
quantitative studies of oxidation kinetics. Although 
this kinetic approach may be useful to study free 
radical oxidation in simple model systems, the azo 
initiators are artificial systems that are not found in 
either foods or biological systems. The efficiency of 
these initiators is greatly affected by the solvent system 
used for oxidation, by its viscosity and by solvent cage 
effects that are not relevant to food lipids. 6 Diazo 
initiators produce a high flux of peroxyl radicals that 
do not have time to branch and proceed to other 
reactions observed in real lipid systems. In contrast to 
metal catalysts, the azo compounds have no effect in 
promoting decomposition of hydroperoxides to pro- 
duce aldehydes. Azo initiators thus emphasise the 
propagation phase of lipid oxidation and nunimise the 
decomposition of hydroperoxides, which is significant 
with polyunsaturated fatty acids containing three or 
more double bonds. 6 The quantitative kinetic data 
obtained with diazo initiators are thus oversimplified 
and not relevant to either foods or biological systems. 

Careful design of in vitro protocols can aid in 
obtaining mechanistic information if relevant sub- 
strates and oxidation inducers are employed. Although 
the azo initiators have the advantage of generating 
localised radicals at a constant rate, their artificial 
nature and exaggeration of the hydroperoxide genera- 
tion stage make them inappropriate to mimic reactions 
occurring in food and biological systems. 

EFFECT OF NATURAL ANTIOXIDANTS ON 
OXIDATION OF HUMAN LOW-DENSITY 
LIPOPROTEIN (LDL) IN VITRO 
A prevailing hypothesis postulates that the oxidation of 
unsaturated lipids in UDL particles initiates a complex 
sequence of reactions leading to the development of 
atherosclerosis. This hypothesis is supported by 
numerous ^studies in vitro, in animals and. in hu- 
mans. " l2 ° The UDL particles contain cholesterol, 
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cholesterol esters and triacylglycerols of n-6 and n-3 
polyunsaturated fatty acids that are readily oxidised in 
the presence of various free radical initiators, metals 
such as copper ions, and radicals released by endothe- 
lial cells from the arterial wall. The hydroperoxides 
formed by lipid oxidation decompose into aldehydes 
that interact with the free lysine group of apolipopro- 
tein B. The oxidatively modified LDL particles are no 
longer recognised by the normal LDL receptor, a well- 
regulated system in plasma, and are taken up by the 
'scavenger' receptor system, which is unregulated and 
leads to the accumulation of oxidised LDL in 
subendothelial cells to form 'foam cells'. The oxida- 
tion of LDL cholesterol forms a mixture of products, 
including a- and 0-epoxide-, triol-, 7-a- and 7-fi- 
hydroxy- and 7-keto-cholesterol. 121 - 122 Cholesterol 
oxidation products account for most of the cytotoxicity 
of oxidatively modified LDL. 123 These products have 
been suggested as useful markers of atherosclerosis. 

Epidemiological evidence and in vitro antioxidant 
studies have supported the hypothesis that natural 
phenolic antioxidants present in fruits and vegetables 
may be active in vivo to inhibit the oxidation of LDL 
and thus provide protection against coronary heart 
disease and thrombosis. 117 ' 124 A wide variety of 
methods have been employed to assess antioxidant 
activity on human LDL ex vivo. Notably, the mode of 
induction and method used for oxidation measure- 
ment, including the type of oxidation inducer and 
assay reaction time, appear to influence significantly 
the ranking of antioxidant activity, but other factors 
may also have a large impact. A number of agents have 
been used to oxidise LDL, including Cu 2+ , macro- 
phages, cultured vascular cells, metmyoglobin and 
AAPH. As discussed in the previous section, azo 
initiators such as AAPH are not suitable for LDL 
oxidation in vivo. For example, although in vivo 
supplementation with vitamin E significantly inhibited 
LDL oxidation by endothelial cells, macrophages and 
copper, it promoted oxidation in the presence of 
AAPH. 124 Therefore the use of AAPH and other 
artificial azo compounds as oxidants to test anti- 
oxidants for their biological effects may be question- 
able. Although it is debated whether copper is a 
suitable initiator for LDL oxidation in vivo, copper- 
accelerated oxidation of human LDL is the most 
extensively studied in vitro mechanism. This oxidation 
requires both binding of Cu 2+ ions by apolipoprotein 
B (apo B) and reduction of copper by LDL. 125 

Phenolic antioxidants may act as inhibitors of LDL 
oxidation by several different mechanisms, including 
scavenging of free radicals and reactive oxygen species 
(superoxide, oxidised lipids, oxysterols), metal chela- 
tion, protecting a-tocopherol present in LDL, and 
binding with proteins. Two other antioxidant mech- 
anisms have been postulated with copper-mediated 
oxidation of LDL in vitro, namely the binding of 
phenols to tryptophans and/or histidines in apo B to 
block access to copper, and the oxidation of histidine 
to 2-oxo-histidine caused by secondary, radicals of 
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Table 4. Relativa antioxidant activity of selected phenolic compounds by different methods' 



Phenolic compounds 
(SumGA equivalent) 
Catechin 
Myricetin 
Epicatechin 
Rutin 

Gallic acid 
Quercetin 
Blagic acid 
Sinapic acid 
a-Tocophero< 

Anthocyanins 

Cyanidin 

Delphinidin 

Malvidin 

Pelargonin 

Hydroxycinnamates 
Caffeic acid 
Chlorogenic 
Ferulic acid 
pCoumaric acid 

Tea catechins 

Epigaflocatechin gallate ■ 
Epicatechin 

Epicatechin gallate . . 
Epigaliocatechin 



Inhibition (%) 
LDL oxidation b 



Ref 72 



74.9 

68.1 

67.6 

67.6 

63.3 

61.4 

36.6 

35.1 

32.6 

Ref 54 
79.4 
71.8 
59.3 
39.0 

Ref 133 
96.7 
90.7 
24.3 
24.5 

Liposomes' 1 
Ref 106 
82.0 
80.2 
59.6 
22.2 




2.40 

3.12 

2.50 

2.42 

3.01 

4.72 



0.97 

4.42 
4.44 
2.06 
1.30 

1.26 
1.20 
1.90 
2.22 



4.75 
2.50 
4.93 
3.82 



3.50 
4.04 
4.96 

3.00 
4.24 



0.90 



3.64 

1.84 
1.56 



• See Table 2 for abbreviations and conditions for TEAC and ORAC assays. GA, gallic acid 
Copper-catalysed oxidation of human LDL monitored bv hexanal riBtormirwti™ k u ^ ' 

I ™> ^. The Randox n^Tb^^^ 0M «™**»~- 

Contained 8mg mi - 1 soya lecithin in water, oxidised at 37 -c with IOhm cupric acetate. 



2.49 

2.36 
0.56 
1.74 
3.29 



Ref 43 
2.2 
1.8 
2.0 
1.1 

Ref 41 
2.23 

1.33 
1.09 



phenols. 6 ' 127 The latter mechanism is supported by 
the observations that both ascorbic acid and dehy- 
droascorbic acid retard copper-induced LDL oxida- 
tion in vitro. 127 

In our antioxidant evaluations on human LDL a 
number of in vitro systems were used including copper 
or biological catalysts (myoglobin, cytochromec, iron/ 
ascorbate, endothelial cells) to compare the effects of 
wines and extracts of grapes, berries, grape juices, 
green tea catechins and various pure phenolic com- 
pounds. Diluted red wine containing IO^m total 
phenols bad the same antioxidant activity as 10um 
quercetin. 9 ' 128 Evaluations of 20 Californian wines 
showed relative inhibition of LDL oxidation varying 
from 46 to 100% with red wines and from 3 to 6% with 
white wines. 20 Similarly, the antioxidant activities of 
phenolic extracts from 14 different types of fresh 
grapes inhibited LDL oxidation by 22-91%. 107 
Samples of commercial grape juices inhibited LDL 
oxidation by 62-75%, and vitamin C had no sig- 
nincant effect on their antioxidant activity 129 The 
relative activities of extracts of berries based on their 
protecuon of human LDL against oxidation decreased 
in the order blackberries >red raspberries >sweet 



cherries >blueberries >strawberries. 130 Pure phenolic 
compounds showed relative antioxidant activities 
decreasing in the order catechin > 
myricetin = epicatechin = rutin > gallic acid > auercetin 
(Table 4).«.«^.«o 6 ..3.- 1 3, ^ 

nins were tested against LDL oxidation that was 
induced with 80 um copper, cyanidin and delphinidin 
were better antioxidants than malvidin and pelargo- 
nin (Table 4), when LDL oxidation was accelerated 
with 10hm copper, malvidin was the best antioxidant 
followed by cyanidin, delphinidin and pelargonin * 
However, when tested in a liposome system oxidised 
with IOhm copper, pelargonin was followed by 
malvidin in antioxidant activity, but cyanidin and 
delphinidin were prooxidants. 

Chlorogenic acid (5'-caffeoyl quinic acid) was found 
to be a better antioxidant than caffeic acid on human 
■ ^°^l£ n in ** w when oxida tion was induced 
withAAPH. In another study using an LDL fraction 
contaming ~20wt% VLDL oxidised with cupric 
acetate as catalyst, caffeic acid was a better antioxidant 
than chlorogenic acid. 134 However, these authors used 
the notonously unspecific and unreliable TBA test to 
measure LDL oxidation. They also derived a 'phenol 



antioxidant index' by testing at a constant phenol 
concentration and dividing the total phenol concen- 
traoon by the concentration of phenols required for 
50% inhibition (IC 50 ) of lipoprotein oxidation. 135 
Since IC 50 is already based on the total phenol content 
of the sample, this index actually expresses antioxidant 
potency at a specific phenol concentration, and not 
total potency as reported. Thus antioxidant data 
obtained by different test procedures for assessing 
antioxidant activity on human LDL in vitro are 
difficult to compare. The properties of various 
phenolic compounds are very system-dependent, and 
several experimental factors influence the results 
obtained. Much attention has been given in the 
Hterature to the structure-activity relationships of 
phytochermcals and other phenolic anti- 
oxidants. 13 ' 16 ' 69 ' 13 * Although these relationships are 
of theoretical interest, this information is limited from 
the practical viewpoint without considering in the 
evaluation the significant effects of the system, the 
substrate, the oxidation inducer and the methods used 
for end-point of oxidation. 



FREE RADICAL-TRAPPING METHODS 

The potential health benefits of phytochemicals in 
fruits and vegetables has led to an explosion of 
research into the antioxidant properties of polyphe- 
nolic compounds, especially the flavonoids, which 
constitute an estimated 4000 different compounds. A 
wide variety of one-dimensional methods have been 
developed using a broad range of conditions, oxidants, 
methods to measure oxidation and end-points of 
oxidation. This diversity of methodology used to 
evaluate natural antioxidants from plant extracts and 
pure phenolic compounds has led to widely conflicting 
results that are extremely difficult to interpret (Table 
4). 

Several protocols have been developed for measur- 
ing the free radical-trapping ability of antioxidants 
using a wide variety of radical-generating systems and 
methods for oxidation end-point observations (Table 
2). These radical-trapping methods have been devel- 
oped to test 'antioxidant capacity* of biological 
samples and various plant extracts. Many papers have 
reviewed the multiplicity of radical-trapping 
methods, 3 ' 136 " 138 but there is much confusion in 
understanding the significance of results and possible 
biological implications. These non-specific and one- 
dimensional methods do not allow investigations of 
the mechanism of antioxidant protection. They do not 
take into account the complex multistep mechanism of 
phenolic antioxidants (reactions (l)-(6)), their multi- 
ple actions in complex biological systems, partitioning 
effects and the significant effect of substrates on 
antioxidant effectiveness, as previously discussed 
The characteristics of several commonly used free 
radical assays (Table 2) are briefly described below 
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DPPH radical assay 

The 2,2-diphenyl-l-picrylhydrazyl (DPPH) radical 
was one of the earliest synthetic radicals used to study 
structural [ effects on the activity of phenolic anti- 
oxidants. This commercially available radical serves 
as the oxidising radical to be reduced by the anti- 
oxidant (AH) and as the indicator for the reaction 
DPPH-+AH-DPPH-H + A-, The disappearance 
of the DPPH radical absorption at 515 nm by the 
acuon of antioxidants is measured spectrophotome- 
tncally m a methanoiic solution until the absorbance 
remains constant. Assay time may vary from 10- 
20mm up to ~6h. 27 The assay was employed to 
determine the 'antiradical efficiency of polyphenol 
compounds, 27 '^ of caffeic acid and related hydro- 
xycinnamates 93 * 139 and of different wines, grape juices 
and grape pomace extracts. 29 ' 30 ' 140 ' 141 The decay 
slope and the absorbance level reached by the 
remaining DPPH radicals vary significandy with 
different types and concentrations of antioxidants. 
An antioxidant index parameter was proposed to 
detennine 'antiradical efficiency' based on.the amount 
of antioxidant required for a 50% decrease in initial 
DPPH radical concentration and the time required to 
reach the steady state DPPH radical concentration. 28 
This assay is limited because DPPH radicals interact 
with other radicals (alkyl), and the time response curve 
to reach the . steady state is not linear with different 
ratios of antioxidant/DPPH. 27 * 28 



TRAP assay 

The total radical-trapping parameter (TRAP) assay 
was developed to measure 'total antioxidant capacity' 
of plasma or serum. 31 This assay uses peroxyl radicals 
generated by 2,2'-azobis(2-aniidinopropane) hydro- 
chloride (ABAP) to oxidise plasma antioxidants, and 
the oxidation is monitored by oxygen absorption. The 
induction period is compared to that of Trolox used as 
a reference water-soluble antioxidant. This method 
was later modified by adding linoleic acid as an 
oxidisable lipid substrate, before oxidation with 
ABAP . The decomposition of ABAP showed the 
following decreasing order of consumption of plasma 
antioxidants: ascorbate > thiols > bilirubin > urate > 
vitamin E. The use of an artificial water-soluble azo 
compound as a radical generator such as ABAP does 
not provide a useful estimate of the important 
protective activities of metal chelators such as urate 
and of lipophilic antioxidants such as vitamin E. To 
overcome the problem of an unsteady electrode end- 
point, several modifications were developed by using 
chemiluminescence methods. These methods were 
reviewed by Alho and Leinonen 143 who also described 
protocols for plasma and LDL. These authors 
concluded that the measurement of plasma TRAP 
might not be valid, since free radical production would 
have to be sufficiently extensive to disturb the steady 
state level of antioxidants and disrupt the compart- 
mentalisation nrotection afforded hv r^ll m*™k™««c 



ENFrankel, AS Meyer 



Superoxide anion scavenging 

Although the superoxide radical anion (O'f) cannot 
directly initiate lipid oxidation, these assays use 
Oj" scavenging, because in the presence of metal ions 
the highly reactive hydroxyl radical, 'OH, can be 
generated by the Fenton reaction. 104 However, the 
scavenging of Of is not the only mechanism for 
inhibition of lipid oxidation in either biological or lipid 
food systems. 103,144 Therefore phenolic compounds in 
plant extracts having Of -scavenging properties are 
not necessarily effective in preventing lipid oxidation. 
The same argument may apply in the measurement of 
inhibitory effects on xanthine oxidase, the enzyme that 
generates superoxide radicals. Inhibition of xanthine 
oxidase activity as well as Of -scavenging properties 
was employed to assess the activity of polyphenolic 
berry extracts. 33 In addition to these shoncomings, 
measurements of Of -scavenging should be inter- 
preted with caution, because no equilibrium can be 
achieved when superoxide radicals are generated 
continuously during the test. 

TEAC assay 

In this assay the radical cation 2,2 / -azinobis(3-ethyl- 
benzothiazoline-6-sulphonate) (ABTS" + ) is produced 
continuously by reaction between the ferrylmyoglobin 
radical generated from metmyoglobin, H 2 0 2 and 
peroxidase, and the activity of antioxidants to scavenge 
the ABTS' + radical cation is measured by the decrease 
in its absorbance at 734 nm. 3 536,1 36 The Trolox 
equivalent antioxidant activity (TEAC) reflects the 
amount of Trolox (mM) required to produce the same 
activity as 1 him of the test compound. The reaction of 
ferrylmyoglobin in this assay may be confounded by 
the reduction of the ferrylmyoglobin radical by the 
antioxidants to be tested. Since ABTS' + is a relatively 
long-lived radical, the TEAC assay was modified by 
generating the ABTS #+ radical by direct oxidation of 
ABTS with potassium persulphate prior to reaction 
with test antioxidants. 38 Thus the high TEAC values 
obtained for quercetin and cyanidin in the original 
myoglobin/ABTS assay were significantly lower with 
the modified persulphate-activated ABTS* + assay. 
This result is consistent -with some interaction 
occurring between these flavonoid antioxidants and 
ferrylmyoglobin in the original assay. 38 Despite recent 
improvements and increased use, the TEAC assay has 
several limitations. The ability of an antioxidant to 
scavenge the artificial ABTS^ radical may not reflect 
the antioxidant activity due to other mechanisms 
effective in complex food lipids or physiologically 
relevant substrates, including metal chelation, and 
effects of antioxidant partitioning among phases of 
different polarities. 

OR AC assay 

The oxygen radical absorbance capacity (ORAC) 
method of Cao et al 39 is a modification of the 
procedure measuring the fluorescence during AAPH- 
induced oxidation of porphyridium cruentum 



phycoerythrin (£-PE), a phycobiliprotein containing 
a red photoreceptor pigment. 1 i 5 ~ 1 47 In the ORAC 
assay the 'antioxidant capacity* is quantified by 
calculating the net protection area under the time- 
recorded fluorescence decay curve of /?-PE in the 
presence of an antioxidant or serum. The decrease in 
fluorescence is not linear with time, and the shapes of 
fluorescence decay curves differ in the presence of 
different antioxidants and with different concentra- 
tions of the same antioxidant. 391148 The calculation of 
the area under the curve apparently circumvents 
erroneous assumptions of linearity and response 
similarities. However, in a recent application of this 
method to the evaluation of antioxidants in oat 
extracts, the inhibition of AAPH-induced oxidation 
of 0-PE was evaluated from the midpoint (30 min) of 
the assay. 149 A principal drawback of the ORAC 
method is that it is assumed that the oxidative 
deterioration and, in turn, the antioxidative mechan- 
ism and protection of the fluorescent protein /?-PE can 
mimic critical biological substrates 39,145,147 In the 
ORAC assay the effect of oxidation of the photo- 
receptor portion of phycoerythrin (34 covalently 
attached linear tetrapyrrole prosthetic groups) on 
fluorescence measurements does not necessarily re- 
flect the extent of antioxidant protection afforded 
against oxidative damage of the protein itself. 

FRAP assay 

The ferric-reducing antioxidant power (FRAP) assay 
measures directly the ability of antioxidants to reduce a 
ferric tripyridyltriazine complex (Fe 3+ -TPTZ) to the 
ferrous complex (Fe 2+ -TPTZ) at low pH 46,150 The 
resulting blue colour measured spectrophotometri- 
cally at 593 nm is taken as linearly related to the total 
reducing capacity of electron-donating antioxidants. 
The main disadvantage of this approach is that the 
measured reducing capacity does not necessarily 
reflect antioxidant activity. Since the method does 
not include an oxidisable substrate, no information is 
provided on the protective properties of antioxidants. 

Comparison of radical trap methods with in vitro LDL 
oxidation 

The relative antioxidant activity of many phenolic 
compounds varies widely according to different testing 
methods. Thus there is no agreement between the 
relative activity of various flavonoids, anthocyanins, 
hydroxycinnamic acids and tea catechins on the 
inhibition of copper-induced human LDL oxidation 
in vitro compared to the total antioxidant capacity 
measured by the TEAC and ORAC assays (Table 4). 
Contrasting results were also reported for the anti- 
oxidant potentials of green tea polyphenols to inhibit 
human LDL oxidation in vitro and their efficiency to 
scavenge the ABTS' + radical by the TEAC assay. 51 In 
contrast to our evaluations of grape juices with LDL, 
which showed that vitamin C had no activity, 129 a 
significant effect was reported for vitamin C when 
evaluated by the antioxidant capacity TEAC method 



of Miller et al 36 These data emp hasis e that the 
ranking of antioxidant activity is strongly dependent 
on the test system and on the substrate to be protected 
by the antioxidants. A s discnsReH previously^ poly- 
phenolic fiavanols may inhibit LDL oxidation by 
several mechanisms in addition to free radical scaven- 
ging. 72 On the other hand, the total antioxidant 
capacity assays listed in Table 2 only measure 
radical-scavenging activity in aqueous systems. The 
discrepancy in ranking of antioxidants shown in Table 
4 can be explained not only by the multiplicity of 
mechanisms effective for these polyphenolic com- 
pounds, but also by the influence of the interfacial 
properties of multiphase LDL particles compared to 
the aqueous test systems used for the TEAC and 
ORAC assays. 



RECOMMENDED PROTOCOLS 

We have seen in; this survey that the effect iveness of 
antioxidants is strongly dependent on the te st system, 
the physical states of the lipid substra tes, the condi- 
tions of oxidation, the ox idising substrate, the localftgs 
tion of antioxidants ana tfte method em ployed To 
evaluate oxidation and the stages of ox idation. The* 
acrivity ot antioxidants is greatly aiiected by complex 
interfacial phenomena in emulsions and multicompo^" 
nent foods according to their hydrophihcor lipophilic 
character. The methodology to evaluate natural anti- 
oxidants must be carefully interpreted according to the 
system and to the analytical method used to determine 
the extent and end-point of oxidation. 

Each antioxidant evaluation should be carried out 
under various conditions of oxidation, using several 
methods to measure different products of oxidation 
related to real food quality or critical biological 
reactions. There cannot be a short-cut approach to 
determining the activity of antioxidants. Various testing 
protocols should consider the following parameters. 

(1) Substrates. Use substrates relevant to foods and 
biological systems, including triacylglycerols and 
phospholipids, in bulk, emulsion or liposome 
systems. Free fatty acids should be avoided 
because they form micelles in which antioxidants 
behave differently than in triacylglycerols. 

(2) Conditions. Test under various oxidation condi- 
tions. mclaSni different t emperatures (peloj f 
6IT 0 C) , metal catalysts and surface exposures. 
'Select conditions to simulate real food or biologi- 
cal systems as closely as possible, depending on 
the application. 

(3) Analyses. Measure relatively low levels of oxida- 
tion (below 1%) and include both initial products 
(hydroperoxides, peroxide value, conjugated 
dienes) and secondary decomposition products 
(carbonyls, volatile compounds). 

(4) Concentrdtions. Compare antioxidants at the same 
molar concentration of active components using 

Qtmrtiirpllv related reference romnminHs. P.on- 



Antioxidant protocols 

sider carefully the concentration ratios of catalytic 
inducers/antioxidants and antioxidants/sub- 
strates. With crude plant extracts the total phenol 
contents and compositional data are required to 
compare samples. 
(5) Calculations. Quantify on the basis of induction 
period, % inhibition or rates of hydroperoxide 
formation or decomposition, or IC 50 (antioxidant 
concentration to achieve 50% inhibition). 

Because of the complexity of real foods, accelerated 
test systems are difficult to standardise, and each 
antioxidant test should be calibrated for each lipid or 
food. Accelerated oxidation conditions should be close 
to the storage conditions under which the food is to be 
protected. Ultimately, antioxidants should be evalu- 
ated on the food itself. 

In biological systems, phenolic compounds c an 
participate in several antioxidant defences, including 
preventing oxidant formation, scavenging activated 
oxidants, reducing active intermediates and inducing 
repair systems. To improve our understanding of these 
complex interactions in different systems, the use of 
non-specific and one-dimensional assays for anti- 
oxidant capacity would be risky because they do not 
provide information on the biological target(s) pro- 
tected. The better approach is to measure specific 
products'oi oxidation in both relevant in vitro and in 
vivo biological systems] ' 



CONCLUSIONS 

The large amount of effort expended in testing new 
natural antioxidants emphasises the need for improved 
test methods. Several currently used methods and 
model systems may not evaluate the true protective 
effects of antioxidants, and the data obtained can be 
confounded by many factors, including the composi- 
tion of the test system, the substrate to be protected 
and the mode of inducing oxidation, in simplified 
model systems, interfacial phenomena may be over- 
ridden when interpreting antioxidant mechanisms and 
activity that appear strongly influenced by complex 
interfacial and phase distribution properties. When, 
testing antioxidant activity of potential food anti- 
oxidants or bioactive compounds, the first aim may be 
tojA evelop a model system where basic chemical 
principles can be deduced . On the other hand, the true 
effectiveness of antioxidants cannot be proper ly 
assessed unless the condi tions, ie the complexity of 
the system, are as close as practically possible to th e 
conditions under which prot ec tion against autoxida - 
non is required. Targeting ot antioxidants to prevent 
particular free radical formation steps and oxidative 
deterioration processes requires detailed understand- 
ing of the mechanisms of oxidation. Specifi c lipid 
model systems should mimic the food or physfological. 
target systems to be protected a TcloSe' as pra ctically 

possible . T here are Vflriong conrreg anr[ ryp ^of 
oxidation and we should first define the tanyers of 
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oadarion-lipids, protein, DNA -before selecting 
memoas to asjesune^rotecov^roperties ofj^ 

ana_use. The total antioxidant capacity of phytochem- 
icals based solely on one property, such as their 
scavenging ability towards artificial radicals, provides 
no information on what lipid or other substrate is 
protected. There cannot be a short-cut approach to 
evaluate antioxidants. In view of th euHH^ divergence 
of ^results of natural .giujgrijajgjnfoods and 
biological systems,, more valid <nM^ „ ni n ~ 
protocols are urgendy needed to bring sbme or derro 
fte present chaos jndusjnj^W field. Our under- 
standing of the effects of antioxld^Smpounds can 

^ SPCdfiC method °l°gy - ^ed 
, k t deS ° a>8 What products « f °nned and 
inhibited by anuoxidants depending on conditions, 
systems and targets of protection. 
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